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Abstract 
A deterioration of fracture toughness, especially of the tearing modulus, with aging time and associated strength 
increase is observed for aluminum 6061 and reproduced here numerically thanks to a stress-based damage nucleation 
criterion.  
A correlative multiscale analysis by scanning electron microscopy, atom probe tomography as well as 3D X-ray 
laminography shows that coarse particles and the characteristic damage mechanisms do not depend on aging time: the 
fracture mechanism is typically ductile and transgranular as shown by electron backscatter diffraction analysis of 
sections of compact tension specimens containing interrupted cracks. Large Mg2Si inclusions fracture at very low 
plastic strain, and defects nucleate at large (Fe,Si)-rich inclusions with increasing plastic deformation. Only the 
hardening nanoprecipitation increases with aging time: aging favors the precipitation of nano-size Mg2Si precipitates 
which causes hardening of the matrix so that damage nucleation at coarse inclusions becomes easier - thus leading to 
a decrease in toughness. Indeed, larger clusters and a substantially higher area fraction of iron based intermetallic 
particles are found on the fracture surfaces of the longest aging time CT samples compared to the shortest aging time 
samples.  
Based on these observations, a Gurson-Tvergaard Needleman type model is proposed to simulate the tearing tests using 
Finite Elements. It uses damage nucleation kinetics which depend on the maximum principal stress, since a classical 
strain-based nucleation is not sufficient to reproduce the deterioration of the tearing modulus. 
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1. Introduction 
The in-depth understanding of the relationship between the processing, the structure and the properties of 
material is key to elaborate innovative materials. A multi-scale approach is necessary to understand the 
influence of the microstructure on macroscopic mechanical properties, especially on tearing resistance. With 
the current knowledge of the community, given the material microstructure and its tensile properties, 
fracture toughness of a given material can still not be predicted. 
The present study aims at understanding the link between microstructure evolutions during aging, strength 
evolutions and associated toughness changes in order to be able to optimize microstructures by modelling 
and to predict its mechanical properties. 
In the literature, a decrease of toughness with increasing yield stress has been identified by Dumont et al. 
[1–3]. For 7040 and 7050 alloys, strength increases during aging up to the peak-aged condition and 
subsequently decreases. The associated toughness drops with increasing strength and rises again for the 
over-aged state, but not to the same level as for the under-aged condition. The reduction of toughness after 
peak-aged has been attributed to a lower hardening capacity of the material compared to an under-aged 
condition with the same yield stress. Dumont et al. explain the toughness decrease by the increasing fraction 
of intergranular fracture, which is governed by the strength ratio between the Precipitate Free Zone (PFZ) 
at grain boundaries and the matrix. They identified more shear fracture on the under-aged state and more 
intergranular fracture for the over-aged state for the fast quench material. They modelled the toughness 
evolution as a function of aging by accounting for the PFZ stress. Ryum [4,5] et Ludtka et al. [6] showed 
similar results for 7XXX aluminum alloys series. 
Hannard [7] studied the ductility evolution with aging for three AA6XXX aluminum alloys. This ductility 
decreases with yield stress increase. They reproduced this evolution using a nucleation-growth-coalescence 
model with a dedicated nucleation model, which uses stress-based criterion linked with Weibull size 
distribution. 
Other authors [8,9] investigated the effect of quench rate on toughness for 6061 aluminum. A high quench 
rate reduced the PFZ size, which was accompanied by an increase in toughness and less intergranular 
fracture. For a high quench rate applied to 6061 aluminum in T6 condition, Shen et al. [10] showed that 
rupture is classically ductile. Using laminography technique, they concluded that coarse Mg2Si particles 
break at a lower strain level than InterMetallic (IM) particles, which are secondary preferential nucleation 
sites. 
In a previous study [11] by the present authors, a decrease in toughness was observed with aging time in a 
6061 aluminum alloy after aging at 175 °C during 4, 8, 12 or 16 h. Aging causes hardening and toughness 
drop (Figure 1). During toughness tests, the drop in load after the maximum load depends on the material 
crack growth toughness (which is quantified by the tearing modulus calculation): the faster the load 
decreases, the faster the crack propagates. The decrease in toughness with aging time is therefore clearly 
identifiable in Figure 1. It is fundamental to understand whether this decrease results from a change in the 
coarse particles (responsible for the damage), or in the fracture mechanisms, or whether it is solely due to 
the hardening of the matrix observed in tensile tests. 
The objective of the current work is to capture numerically this evolution of toughness. Increasing strength 
and decreasing hardening will be accounted for using fitted hardening curves (dotted lines in Figure 1). 
Therefore, the plastic zone size will naturally evolve for the different simulated configurations. 
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To the best of our knowledge, there is no simulation using a Gurson-Tvergaard-Needleman (GTN) model 
able to capture the effect of aging time on tearing resistance. The GTN model is a void growth model; for 
nucleation, the model proposed by Chu and Needleman [12] is classically used. In other works, nucleation 
has been based on stress triaxiality state [13] or on Lode parameter for shear deformation states and 
reproduction of slant fracture [14,15]. Strain and stress based nucleation criteria have also been suggested 
in Needleman and Rice [16] and in Butcher et al. [17].  
Figure 1 – Experimental tensile curves (and fitted curves) on the left, CT-toughness test curves (load as a 
function of machine displacement) on the right for the four aging times (4, 8, 12 or 16 h) [11]  
The objective of this work is to identify the micromechanistic origin of the toughness evolution as a function 
of aging time and to capture this evolution using the GTN model. The paper is organized as follows: 
- Description of experimental methods in section 2. 
- Study of undamaged material and the effect of aging on the microstructure in section 3.1, using Scanning 
Electron Microscopy (SEM) for coarse particle analysis, Electron Backscatter Diffraction (EBSD) for 
grain distribution investigation, and Atom Probe Tomography (APT) for hardening nanoprecipitation 
evolution study. 
- Fracture mechanisms as a function of aging state are identified in section 3.2 using fractography, 
laminography and EBSD of section containing interrupted cracks, in order to identify transgranular and 
intergranular fracture. 
- Simulation of decrease in toughness based on the identified damage mechanisms using a stress-based 
nucleation model in section 4. 
2. Experimental methods 
2.1. Material 
The material used in this study is an aluminum alloy 6061(Al-Mg-Si), as received in a T6 condition 
(homogenization, hot forging, solution annealing, water quenching and isothermal aging heat treatments). 
The ingot material was hot-worked to produce uniform grains and close porosities along three directions X, 
Y and Z. The chemical composition is given in the Table 1. The age-hardening state allows us to obtain 
various metallurgical states and various mechanical behaviors by modifying only aging treatments: the 
strength is linked to the precipitation of nano-scaled β’’-Mg2Si phases during aging (heat treatment at 175 
°C). More generally, the Al-Mg-Si alloy family decomposes from the supersaturated solid solution 
according to the following sequence: 
Supersaturated solid solution → atomic clusters → Guinier-Preston zones → β″ → β′ → β [18–21] 
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Si Mg Fe Cr Cu Mn Zn Ti Ni Zr Pb Na Al 
0.53 1.08 0.38 0.18 0.22 0.06 0.22 0.02 0.0045 0.0038 0.0021 0.0001 bal. 
Table 1 –Chemical composition (% by weight) of the 6061 alloy studied 
The as-received reference material was first solution treated (at 550 °C for 4 hours), and then age-hardened 
at 175 °C during four aging times (4, 8, 12 and 16 hours) using four material blocks (136 x 76 x 87 mm3) to 
produce different mechanical behaviors. The objective is to characterize the microstructure of the 
undamaged material, to determine whether or not the aging process could have created weak metallurgical 
zones, causing the decrease in toughness. 
The cylindrical tensile specimens (gage length of 26 mm, diameter of 4 mm) and Compact Tension (CT) 
specimens (thickness 12.5 mm, width 25 mm) were machined from these blocks along the same direction 
for each heat treatment (tensile direction along Z). Samples for microstructural investigations were coated, 
polished (successively with SiC abrasive paper, diamond paste up to 1 µm, finally with OP-S pH 11 during 
3 min), cleaned (first with soap and water, secondly with distilled water then ethanol in an ultrasonic bath) 
and chemically etched with an etchant referred to as Keller’s reagent (95 % water, 2.5 % HNO3, 1.5 % HCl, 
1 % HF).  
2.2. Scanning Electron Microscopy (SEM) 
The used SEM is a JEOL IT300 which is equipped with an EBSD (Electron Backscatter 
Diffraction) detector NordlysMax3. The observations were performed in the three observation planes: XY, 
XZ and YZ. Tensile tests had been carried out according to the Z axis, and fracture toughness tests according 
to the Z axis with a crack propagation along X. A grain boundary is considered when the misorientation 
angle between the two grains affected is at least equal to 15° [22]. A sub-structure consisting of some sub-
grains could be identified by considering sub-boundaries of grains corresponding to a misorientation angle 
between 5° and 15°. 
Fractographic analyses of fracture surfaces of CT samples after fracture toughness tests were realized 
through an FEI Nova NanoSEM 450 with a secondary electron detector and a backscattered electron 
detector, enabled to qualify damage micromechanisms. To quantify the area fractions of iron-rich 
intermetallic particles on the 4 h aged material, 7 areas of the size of Figure 6 c were segmented using a 
gray value threshold. For the 16 h aged material, 8 areas of the size of Figure 6 d were used. This 
corresponded to areas of about 10 mm2. It is completed by an energy dispersive X-ray spectroscopy (EDS) 
detector X-MASN allowing one to identify precipitates. 
2.3. Atom Probe Tomography (APT) 
Samples preparation and experimental protocols are described by Buchanan et al. [23]. 
Rods of 0.3 mm of side were then mechanically cut from two blocks aged during respectively 4 and 12 h 
and atom probe samples (needle-shape specimens with an end-radius on the order of 50-100 nm) were 
prepared by a standard electro-polishing method using two successive solutions: 70% methanol - 30% nitric 
acid, then 98% 2-butoxyethanol - 2% perchloric acid at room temperature. 
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The 3D Atom Probe analyses were performed with the CAMECA LEAP 4000X HR in an ultra-high vacuum 
and at cryogenic temperatures. The specimen is held at high voltage and atoms at the end surface of the 
needle-shaped specimen are field evaporated through application of a time voltage pulse. Evaporated ions 
are then accelerated by the local electric field to finally hit a position sensitive detector. Hit positions of 
incident ions and time of incidence information are converted respectively to reconstruct individual ions 
positions and specimen geometries and to identify individual elements and isotopes based on mass-to-charge 
ratios. The parameters of APT analyses are described in the Table 2. 
Table 2 - Parameters of APT analyses 
The data processing was realized with the data treatment software IVAS 3.6.12 from CAMECA. For the 
three specimens studied in this paper, calibration of the reconstruction parameters was performed by using 
cylindrical volumes to isolate the <022>Al zone axe and adjusting the image compression factor (ICF) and 
K factor to obtain good agreement between the zones expected and measured inter-planar spacings. 
Optimization of the ICF and K parameters to minimize the curvature of the atomic planes was performed 
using the method described in [24]. 
2.4. Laminography 
Synchrotron-radiation computed tomography (SRCT) is particularly relevant for the fast high-resolution 
imaging of one-dimensionally elongated, i.e. matchstick-like, specimens, which stay during rotation inside 
the field of view of the detector system. In contrast, synchrotron-radiation computed laminography (SRCL) 
[25,26] enables the imaging of regions of interest in flat samples (like microelectronic devices or alloy sheet 
materials). In this study, we employ this three-dimensional nondestructive examination with high spatial 
resolution in order to analyze the damage state and the evolution of the damage in the volume of the material. 
Laminography consists in tilting the rotation axis, which is perpendicular to the transmitted beam for SRCT, 
by an angle between 0 and 90°. When the specimen plane is oriented approximately perpendicular to the 
rotation axis, we can obtain a similar X-ray transmission for a complete 360° rotation resulting in more 
reliable projection data compared to SRCT. The experimental methods are described in more detail in [27]. 
The 2D projections are used to reconstruct a 3D image of the sample at the region of interest using a filtered-
backprojection algorithm [28,29]. Crack propagation in aluminum alloys have already been successfully 
studied with this technique [10,14,30].  
Imaging was performed on KIT’s laminography instrument installed at beamline ID19 [31] of the European 
Synchrotron Radiation Facility (ESRF), Grenoble, France. The axis tilt angle was chosen around θ=65°. A 
pink beam with an X-ray energy around 26 keV [14] allows a good compromise between penetration and 
depth resolution. This allowed us to distinguish Mg2Si inclusions and aluminum matrix. 3599 projections, 
with an exposure time of 37 ms each, enable to build a volume. The final reconstructed volumes have a size 
of 2560x2560x2300 voxels with a voxel size of 0.65 µm. 
In order to study the fracture mechanism, 2D cuts and 3D visualizations of reconstructed laminography data 
containing cracks were performed. The ImageJ software (https://imagej.nih.gov/ij/) allowed us to select 
interest areas, and then the AnalySIS software (https://www.olympus-ims.com/fr/microscope/software/) 
enabled us to overlay all the images, in order to obtain large 2D cuts in two observation directions. The 3D 
visualization of damage was performed through the software Avizo 3D. As the contrast between the 
aluminum matrix and the void of the crack was too low, the watershed algorithm enabled to improve the 
detection of the edges of contrasted areas. 
Mode 
Temperature Pressure Detection rate Pulse fraction Background Standing voltage 
K 10-10 torr % % ppm/nsec V 
Voltage 44-47 0.4-1.0 0.4-0.6 18 16-35 2900-7200 
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We also performed nanolaminography [32] on two selected samples in order to provide 3D images of the 
microstructure at the sub-µm scale. The nanolaminography scans shown in Figure 3 were performed at 
ESRF beamline ID16b, which is dedicated to 3D nano-scale imaging. Using a projection microscopy 
approach allows us to improve the spatial resolution towards voxel sizes of 100 nm in a 216x216x200 µm3 
volume. 
3. Experimental results 
The aim of this microstructural study is to identify the material microstructure and its evolution due to aging 
time. The damage micromechanisms are also identified as a function of aging time. 
3.1. Microstructure of different age-hardened material 
 Grains and coarse particles 
The two kinds of coarse particles are Mg2Si (small dark-grey features in Figure 2) and (Fe,Si)-rich 
intermetallics (long gray filaments) denoted IM. The mean diameter of a Mg2Si particle is 5 µm and the 
mean length of an IM particle is 244 µm. Following Shen [10], Mg2Si will be assumed to debond for very 
low levels of plastic strain, so that the volume fraction can be considered as part of the initial void volume 
fraction. The mean surface fractions are respectively 0.35 % and 2.15 % for the Mg2Si + initial pores and 
the IM. It was checked that both surface fractions are equal to volume fractions for the 8 hours aged material.  
As shown in Figure 2 c and d (black lines are the grain boundaries, blue lines are the sub-boundaries), no 
preferential localization is observed at the grain boundaries: contrary to what Shen et al. [10,33] had shown, 
coarse particles are mostly integrated in grains, and does not necessarily follow grain boundaries. However, 
it is noted that the small grains are strongly disoriented (as the strong presence of subgrain boundaries 
attests), and that the particles tend to be located at the boundaries of these small grains, as shown in Figure 
2 b and f. The IMs appear evenly distributed, contrary to the clusters of clusters distribution shown by 
Hannard et al. [34] along the rolling direction for their rolled material. The Mg2Si particles are gathered into 
clusters (Figure 3). All these observations and these parameters concerning the coarse particles do not 
depend on aging time. 
The typical grain distribution is shown in Figure 4. These EBSD maps are in the XY plane to show the 
geometrical grain orientation: the grains are elongated along the X and Y axes with a 45 ° angle and a 2.9 
form factor. Two grain populations can be identified: large grains cover 72 % of the surface with a mean 
equivalent diameter of 1014 µm, smaller grains cover 28 % with a mean equivalent diameter of 287 µm. 
The grain distribution and the quantified parameters introduced above do not depend on aging time. 
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Figure 2 – Coarse precipation localization after 12 h aging (SEM micrographs of polished sections)  
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Figure 3 – 2D and 3D (80x80x200 µm3) vizualisations of IM particles, porosity and clusters of Mg2Si 
using nano-laminography scan (undamaged materials) after 4 and 12 h aging 
 Hardening precipitation 
Macroscopic mechanical behavior changes are necessarily due to microstructural evolutions. Since no 
changes at the micrometer scale were observed in the previous paragraph, investigations must be conducted 
at the nanoscale. In order to highlight nanoscopic trends induced by aging time according to the precipitation 
sequence described above, the application of atom probe tomography (APT) to study our materials is suited.  
A comparison is shown in Figure 5 between an APT-tip aged 4 h and a tip aged 12 h. The blue points are 
the aluminum ions, and the red surfaces represent the isoconcentration surfaces where the magnesium 
concentration exceeds 3%. These areas also correspond to silicon concentrations greater than 3%. They 
therefore represent the magnesium and silicon precipitates induced by the precipitation sequence [18–21]. 
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It is shown that hardening is ensured by the formation of β’’ precipitates during aging. Figure 5 shows that 
there is an increase in the size and density of this hardening nanoprecipitation with the aging time, as 
described by Zandbergen [35]. A third specimen (112 million evaporated ions, 464 nm long) is shown in 
Appendix A and demonstrates the intense presence of this hardening precipitation on the 12 h aged material. 
The obtained precipitates form clusters and needles. 
Figure 4 – EBSD map of the typical grain distribution in the XY plane after 4 and 16 h aging. Different 
colors indicate different grains. 
Figure 5 - Comparison of two APT tips after 4 h (2.1 million ions analyzed) and 12 h aging (8 million). 
The red isosurfaces represent areas of high concentration of Mg (> 3%) in the aluminum matrix 
represented in blue. 
The main conclusions from this part are the following: on the undamaged material and at the microstructural 
level, the observed macroscopic mechanical evolutions are related only to the higher amount of 
nanoprecipitation and to the larger precipitate size, and therefore to the structural hardening. 
3.2. Fracture mechanisms 
The aim of this part is to identify the damage micromechanisms governing the fracture of the 6061 aluminum 
alloy as a function of aging time and at high levels of stress and stress triaxiality, firstly post mortem in two 
dimensions through fractographs, secondly through X-ray laminography in order to study the damage 
micromechanisms in three dimensions in samples containing stopped cracks. The study is performed in light 
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of results of the literature [1–3] and to acquire the physical basis to build a micromechanical model to 
reproduce the effect of aging on toughness. 
 Fractography 
The fractographs of the 4 h aged and 16 h aged materials (Figure 6) show typical ductile fracture surfaces. 
Fractographs a and b in Figure 6 observed with secondary electrons show that dimples completely cover 
the fracture surfaces and ductile failure micromechanisms are identifiable. It has been founded that many 
dimples contain at their bottom one or several broken or unbroken particles, identified as mostly broken 
Mg2Si by EDS analysis. The characteristic dimple size does not substantially evolve with aging time. The 
void growth to coalescence is visible.  
To identify the amount of iron rich intermetallic particles, which are hard to observe with secondary 
electrons, the same areas were observed in backscattered electron mode. For the 16 h aged material more 
intermetallic particles are found on the fracture surface. Some huge clusters may have diameters around 
200 µm which correspond to the previously measured cluster size. The area fraction is not very easy to 
determine due to the surface roughness that also contributes to contrast changes. However, the same 
procedure was applied to both heat treatment conditions and a factor of 2 to 3 in area fraction difference is 
always found between the 4 h aged material and the 16 h aged material: the area fraction of intermetallic 
particles was estimated as 1.7 % ±0.2 for the 4 h aged material and 4.6 % ±0.6 for the 16 h aged material. 
Note that the intermetallic particle area fraction of the 4 h aged material is similar to the area fraction of 
intermetallic particles found for random cut and polished sections of the undamaged material which seems 
to indicate that they do not play a major role for the rupture of the 4 h aged material. 
Void coalescence by internal necking after nucleation is the main mechanism, and only on some small areas 
the coalescence by void-sheeting, as described by Garrison and Moody [36], can be observed. Therefore, it 
may be concluded that coarse particles (Mg2Si and intermetallic phases) control failure.  
The dimple size seems similar for both materials but maybe for different reasons. For the 4 h aged material 
voids nucleate on Mg2Si particles as well as on small parts of iron rich intermetallic particle clusters and 
lead to substantial void growth, whereas for the 16 h aged material the area of nucleated particles is higher. 
This may lead to a similar dimple size but it may involve less void growth for the 16h aged material.  
The intermetallic phases may play a role at later damage stages. As shown by Shen et al. [10], large Mg2Si 
inclusions crack for very low plastic strain levels and defects are nucleated at large (Fe,Si)-rich inclusions 
with increasing plastic deformation. 
Figure 6 shows no difference in damage mechanism for the various aging treatments, despite the different 
crack propagation resistance. It therefore seems that the increasingly low observed tearing moduli result 
from an acceleration of the ductile failure, and not from a modification of the fracture mechanisms. We will 
investigate further these fracture mechanisms in the next parts. 
 Investigations after interrupted toughness tests 
After interrupted fracture toughness tests, slices with a thickness of 1.5 mm were machined from CT 
specimens in two different directions: in the plane of crack propagation and in a transverse plane (Figure 7 
d). 
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Laminography 
Classical ductile fracture (Figure 7) and a very rough crack surface are observed for these 2D section of 3D 
laminography data normal to the crack propagation direction. The three different aged samples show no 
significant difference in fracture micromechanisms. A recomposition of a section through the entire sample 
width obtained by stiching 23 scans is given in Appendix B, after 12 h aging. 
Figure 6 – Comparison of fracture surfaces (fractography) after fracture toughness tests using two CT 
specimens after 4 and 16 h aging. The figures a/c and b/d are taken in the same zone using Secondary 
Electron (SE) and BackScattered Electron (BSE) detectors. The figures e and f are taken by BSE in 
another zone. The green circles show the IMs clusters. 
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Figure 7 – Comparison of fracture mechanisms in CT specimens observed by SRCL, 300 µm behind the 
crack tip. Specimen after 12 h aging were machined in accordance with the blue sample in the d) drawing, 
specimen after 8 and 16 h in accordance with the red sample. Figure a) contains projection truncation 
artefacts. 
The void coalescence by internal necking is the main mechanism governing fracture, but in some small 
areas the coalescence by void-sheeting (Figure 8) can be observed, as also seen on fractographs. In order to 
visualize the fracture profile and the crack tip damage, a volume of 520x1664x260 µm3 around the crack 
tip was selected for a 3D visualization (Figure 9). A heterogeneous presence of large clusters of porosity at 
the crack tip is visible and the rupture is classically ductile. The amount of observed damage seems rather 
high, with many cavities (from 5 to 20 µm diameter), among which some have coalesced, without 
connection to the crack yet. Scans realized on the 16 h aged material are very centered at the crack tip 
(Figure 10). Artefacts called “rings” are due to a defect in the optical path (imperfections on the scintillator, 
defective pixel on the detector…). These scans allow us to visualize the damage mechanisms downstream 
of the crack, in particular the nucleation on IMs and the void growth. This highlights that nucleation on IM 
particles may well play a role on fracture here. In particular, their oblate shape makes them more detrimental 
than particles with globular shape. When the IM particles fracture, they largely contribute to the fracture 
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surface despite their small volume. The high reached levels of stress at the crack tip of this hardest material 
aging condition may additionally have contributed to their brittle fracture by reaching a critical principal 
stress. These damage features resemble the large iron rich intermetallic clusters of Figure 6 also found on 
the fracture surface of the 16h aged material. It highlights the brittle nature of the particles and the effect of 
stress level on damage nucleation. 
Figure 8 - Void coalescence by internal necking and void-sheeting on slice of CT sample (12h aging) 
observed with SRCL 
Figure 9 – 3D visualisation of the crack tip and of porosity for a CT sample (12 h aging) 
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Figure 10 - Damage mechanisms at the crack tip of a CT sample of 16 h aged material shown by different 
2D sections along the crack front of 3D laminography data of an interrupted crack 
EBSD examination at crack tip 
As explained in section 1, the studies of Dumont et al. [1–3] highlight the important role of the fracture 
mode (inter- of transgranular). It seems essential to further investigate this aspect in this section, where the 
crack propagation is investigated via EBSD analysis on polished and etched samples containing interrupted 
cracks. These EBSD analyses are performed at the crack tip to visualize the grain distribution around the 
crack (Figure 11). The damage is dominated by nucleation on coarse particles, and the cracks follow these 
particles, located within the grains. The fracture mode is indeed mainly transgranular (estimated around 70-
75 % of the surface for the shown sections), which can be explained by the previously observed random 
distribution of coarse particles that did not particularly involve grain boundaries (Figure 2). An intergranular 
fracture (around 25-30 %) exists here only around the small grains, which are strongly misoriented and 
contain particles at the grain boundaries. This is in contradiction with what Shen et al. [10,33] had shown: 
the particles appeared to be localized preferentially at the grain boundaries. This also stands in contradiction 
with the results of Dumont et al. [1–3] who found an increase of intergranular failure with aging. This may 
be due to the fact that a different series of Al-alloys is studied here and to the fact that our heat treatment 
does not pass the peak aged condition. 
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Scanning Electron Microscopy as well as 3D X-ray tomography show that the characteristic damage 
mechanisms do not depend on aging time: large Mg2Si inclusions crack for very low plastic strain and defect 
are nucleated at large (Fe,Si)-rich inclusions with increasing plastic deformation, and the rupture is mostly 
transgranular. 
Figure 11 - Correlative investigations using SEM (a/b), EBSD (c/d) and laminography (e/f) of two slices 
of CT specimens after interrupted toughness tests (8 h aging for a/c/e, 16 h aging for b/d/f) 
4. Simulation of toughness 
The aim of the section is to simulate the decrease in both crack initiation toughness and tearing modulus 
with aging time. As observed earlier, damage mechanisms do not change with increasing aging time and 
they are typically ductile. In particular, the volume fraction of particles at the origin of damage (Mg2Si and 
IMF) remains constant. The only effect of aging is the increase in yield stress and ultimate tensile strength, 
and the decrease in hardening modulus due to the precipitation of nano-sized strengthening particles. The 
model proposed below is based on these observations. 
4.1. Model for ductile tearing 
To derive the model, the plastic behavior of each material is assumed to obey von Mises plasticity with 
isotropic hardening. Hardening is represented by a Voce [37] law fitted for each heat treatment based on 
tensile tests performed on smooth specimens [11] as: 
𝜎 = 𝜎𝑆 + (𝜎𝑒 − 𝜎𝑆)𝑒
−𝑏𝜀𝑝   
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The fit is performed up to the necking strain (𝜀𝑢). It will be shown below that failure strains are close to 𝜀𝑢, 
so that the fit is used without extrapolation. The four sets of parameters of the Voce law are gathered in 
Table 3. 
 
𝜎𝑆 𝜎𝑒 b 
MPa MPa  
A
g
in
g
 (
h
) 4 322.36 154.00 12.12 
8 344.60 199.33 12.72 
12 352.09 237.33 14.27 
16 354.51 255.00 17.34 
Table 3 – Voce hardening law parameters for all heat treatments 
Damage development is accounted for by the Gurson-Tvergaard-Needleman (GTN) model [38] which is 
able to represent ductile failure in metals resulting from an overlapping sequence of nucleation, growth and 
coalescence of small internal voids leading to macroscopic fracture [39,40]. The model is a semi-empirical 
extension of the micromechanical model initially proposed by Gurson [41]. Note that numerous extensions 
of the model have been proposed which are reviewed e.g. in [42–45]. The GTN model is based on the 
definition of a yield surface expressed as: 
Φ =
𝜎𝑒𝑞
2
𝑅2
+ 2𝑞1𝑓∗ cosh (
1
2
𝑞2
𝜎𝑘𝑘
𝑅
) − 1 − 𝑞1
2𝑓∗
2   
where 𝜎𝑒𝑞 is the von Mises stress, 𝜎𝑘𝑘 the trace of the stress tensor, 𝑅 the flow stress of the matrix 
(undamaged material), 𝑞1 and 𝑞2 model parameters describing void growth. 𝑓∗ (which may be interpreted 
as an effective porosity) is a function of the actual total porosity 𝑓𝑡. It was introduced to model coalescence 
in a rather simple but efficient way. More sophisticated models for coalescence have been proposed based 
on the seminal work of Thomason [46,47] as in [48–50]. Following the GTN model, it is assumed that when 
a critical porosity 𝑓𝑐 is reached, damage increase is faster due to coalescence. To represent this trend, the 𝑓∗ 
function is written as follows (where 𝑓𝑅 is the fracture porosity): 
𝑓∗ = {
𝑓𝑡                                       𝑖𝑓 𝑓𝑡 ≤ 𝑓𝑐
𝑓𝑐 + (
1
𝑞1
− 𝑓𝑐)
𝑓𝑡 − 𝑓𝑐
𝑓𝑅 − 𝑓𝑐
  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
   
The total porosity 𝑓𝑡 is expressed as the sum of the porosities due to growth (𝑓𝑔) and due to nucleation (𝑓𝑛): 
𝑓𝑡 = 𝑓𝑔 + 𝑓𝑛   
It is then necessary to define the evolution laws for the different material variables. The plastic strain rate 
tensor is expressed as: 
𝜀?̇? = 𝜆
𝜕Φ
𝜕𝜎
   
where the plastic multiplier 𝜆 is obtained writing the consistency condition. The isotropic hardening variable 
p is obtained writing the equality between macroscopic and microscopic dissipation: 
𝜀?̇?: 𝜎 = (1 − 𝑓𝑡)?̇?𝑅   
The evolution of the growth porosity 𝑓𝑔 is obtained writing mass conservation so that: 
𝑓?̇? = (1 − 𝑓𝑡)𝑡𝑟𝜀?̇?   
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Due to the high coarse particles content, void nucleation is an important damage mechanism in the studied 
material [10] as in many aluminum alloys [7,34,51,52]. In the literature, strain and stress controlled 
nucleation kinetics have been proposed [7,42,53] but most models use strain controlled nucleation. In that 
case, the nucleation rate (𝑓?̇?) may be expressed in a generic way as: 
𝑓?̇? = 𝐴𝑛(… )?̇?   
where 𝐴𝑛 is a material parameter which may depend on material state variables. In most cases, 𝐴𝑛 only 
depends on plastic strain 𝑝. For instance Chu et Needleman [12] introduced a Gaussian function, using three 
material parameters (𝑓𝑁 is the volume fraction of inclusions at which damage can be nucleated, 𝜀𝑁 the strain 
for which 50% of the inclusions are broken, 𝑠𝑁 the standard deviation on the nucleation strain): 
𝐴𝑛 =
𝑓𝑁
𝑠𝑁√2𝜋
𝑒𝑥𝑝 (−
1
2
(
𝑝 − 𝜀𝑁
𝑠𝑁
)
2
)   
But many other forms are used [54–56]. More complex formulations may be used ; for example Ueda et al. 
[30] introduced two strain controlled nucleation kinetics to distinguish two populations of differently sized 
precipitates. Most models for stress controlled nucleation use the maximum over loading history of the main 
principal stress to obtain the volume fraction of broken/debonded inclusions. The effect of stress state may 
also be described using a strain controlled nucleation law for which 𝐴𝑛 is expressed as a function of stress 
state. For instance the nucleation rate was considered as depending on stress triaxiality in [13].  
In this study, the full model was implemented in the Z-Set Finite Element software (http://www.zset-
software.com/). Simulations were carried out using 3D linear hexahedra using selective integration to avoid 
spurious pressure oscillations [57] (8 Gauss points per element). Standard boundary conditions are used so 
as to limit the simulation to ¼ of the CT specimens (Figure 12). A fixed mesh size h is used within the 
region of crack propagation due to the softening character of the constitutive equations. Elements are 
removed from the simulations once 4 Gauss points have reached a state where 𝑓𝑡 = 𝑓𝑅 [58].  
Figure 12 – Mesh of a quarter of a side grooved CT specimen  
4.2. Stress-based nucleation criterion 
In this study, it will be tried further to reproduce the experimental results using nucleation kinetics which 
indirectly depend on aging time. As aging affects yielding and hardening but leaves particles state and 
damage mechanisms unchanged, it is assumed that the increasing stress level will favor nucleation at lower 
levels of strain as aging time increases. It is therefore proposed here to use a single stress- and strain-based 
nucleation rate 𝐴𝑛 = 𝐴𝑛(𝑝, 𝜎𝐼) where 𝜎𝐼 is the maximum principal stress. 
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As demonstrated in the previous results section, simulations without nucleation, or using a Chu and 
Needleman nucleation term, do not capture the effect of aging on toughness. A stress-based nucleation 
criterion is thus proposed (Figure 13): 
𝐴𝑛(𝑝, 𝜎𝐼) = {
0 𝑖𝑓 𝜎𝐼 ≤ 𝜎𝑆 𝑜𝑟 𝑝 ≤ 𝑝𝑆 𝑜𝑟 𝑓𝑛 = 𝑓𝑁
𝐴𝑛0 (
𝜎𝐼
𝜎𝑆
− 1)
2
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
   
Figure 13 – Stress dependance of the nucleation model 
𝑝𝑆 and 𝜎𝑆 are respectively the strain and the stress below which nucleation cannot be active. 𝑓𝑁 is the volume 
fraction of inclusions at which damage can be nucleated. 
4.3. Model parameter adjustment 
The three-dimensional qualitative and quantitative study proposed by Shen et al. [10] is used to identify the 
GTN micromechanical damage model. The coarse Mg2Si particles start to be damaged in the very early 
loading stage. As a consequence, these particles are considered to be pre-existing voids. Their volume is 
therefore considered as the initial porosity 𝑓0 in the simulations. Cavities nucleating on iron-rich 
intermetallics are taken into account in the void nucleation parameters. The volume fraction of iron-rich 
intermetallics obtained by SEM analysis is considered to be the maximum value (𝑓𝑁) that can be nucleated. 
The remaining parameters (𝑞1, 𝐴𝑛) are adjusted so as to match the experimental results. 𝑞2 is assumed to be 
equal to 1 as seen in the literature [38].  
For the Chu and Needleman nucleation model, the values 𝜀𝑁 = 𝑠𝑁 = 10% determined by Shen et al. [10] 
via in situ synchrotron laminography investigations are used here. 
In the stress-based nucleation model, 𝑝𝑆 corresponds to the plastic strain below which nucleation does not 
occur. 𝐴𝑛0 and 𝜎𝑆 are adjusted to fit the experimental data. Finally the nucleation function is expressed in 
such a way that the nucleated porosity never exceeds 𝑓𝑁. The parameters (Table 4) are automatically tuned 
using an optimization software (Levenberg–Marquardt algorithm). In order to reduce computation time, a 
2D plane strain model of the CT specimens was first used. It was checked that these simulations remain 
very close to the full 3D simulations. In the following part of the manuscript, only 3D results are shown.  
4.4. Results and discussion of the simulations 
Figure 14 shows the load – CMOD (Crack Mouth Opening Displacement) curves corresponding to the 
experimental tests (lines with markers) and three simulations for each aging time: the first (dashed lines) 
uses an elastoplastic law without damage, the second (dotted lines) uses GTN law without nucleation, and 
the third (points) uses GTN law with a classical Chu and Needleman nucleation. It can be seen that the 
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predictions for both the simulation without nucleation and for the Chu and Needleman nucleation criterion 
are poor. 
 
Pre-existing voids and void nucleation 
Void 
growth 
Void 
coalescence 
Element 
size 
𝑓0 𝑓𝑁 
Chu Need. nucl. Stress-based nucl. 
𝑞1 𝑞2 𝑓𝑐 𝑓𝑅 h 𝜀𝑁 𝑠𝑁 𝜎𝑆 𝑝𝑆 𝐴𝑛0 
% % % % MPa %    % % µm 
A
g
in
g
 (
h
) 4 
0.35 2.15 10 10 500 3.21 2.92 2 1 4.0 5.6 100 
8 
12 
16 
Table 4 – Single set of damage parameters for all heat treatments  
For the simulations without nucleation, only the initial porosity and Mg2Si particles are accounted for and 
considered as initial porosity. For the high toughness condition (4 h aging) a good agreement with the 
experimental curves is obtained. With these parameters the load-CMOD curves are overpredicted for all 
other heat treatment conditions. Indeed, as shown in Figure 10, nucleation on iron-rich particles may also 
play a role for nucleation and toughness reduction but is not accounted for in the simulations. 
If the nucleation is accounted for in a classical way, using the strain based nucleation criterion by Chu et 
Needleman [12] and a single set of the parameters identified by Shen et al. [10], the pointed curves in Figure 
14 are obtained. For the material that was aged for 12 h, the simulation corresponds well to the experiments. 
This is consistent with the fact that the parameters by Shen et al. [10] have been fitted for an AA6061 alloy 
in T6 condition which corresponds to 12 h aging.  
The load-CMOD curve for 16 h aging is slightly overpredicted whereas for the 4 and 8 h aging conditions 
the curves are strongly underpredicted. This result is expected since the nucleation is based on strain only. 
Due to higher ductility of the 4 h aged condition, the predictive capabilities of this nucleation criterion are 
poor for 4 h aged toughness behavior as the strain at which failure occurs experimentally is higher for this 
material. The used Chu and Needleman (C-N) parameters [10] are too severe for this condition. For a given 
CMOD but various hardening laws the local stress triaxiality is hardly changed, as it is a stress ratio, and 
plastic strain, which is driving nucleation, is also almost unchanged. Consequently, using a given set of 
parameters of the C-N law for all heat treatment condition leads to an underprediction of toughness for the 
short aging times and to an overprediction of toughness for long aging times. For each aging condition a 
new set of parameters of the C-N model would need to be fitted to reproduce the toughness curves for all 
heat treatment conditions. This would lead to 12 parameters in our case. Using our proposed model only 3 
parameters need to be adjusted. 
Thus a different modelling approach, e.g. in the form of a stress-based nucleation criterion, is needed to 
capture the effects of material strengthening on toughness. When fitting the parameters of the stress-based 
nucleation function presented in section 4.2 using the toughness data, a very good agreement between 
experiments and simulation (Figure 15) is achieved with a unique set of damage parameters for all heat 
treatment conditions. Only the hardening parameters are different for each heat treatment condition. 
This good fit highlights that the physics of the damage process are better captured using this criterion. 
Indeed, the damage mechanisms have been identified as void growth after nucleation on the coarse particles. 
The iron-rich particles fail at later stages of strain. As the failure of intermetallic particles (and their 
debonding) is a cleavage process, and which is driven by critical principal stress [59,60], this principal stress 
needs to be accounted for in the nucleation term. The formulation of an adequate condition for void 
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nucleation by interface fracture is a difficult problem [61]. This explains why many researchers attempted 
to solve this problem through “phenomenological” models (see Chu and Needleman [12]; Tvergaard [42]). 
In finite element simulations, stress-based nucleation criteria often introduce numerical instabilities, which 
also explains the popularity of the strain driven Chu and Needleman [12] nucleation term. The stress-based 
nucleation term suggested here is also based on strain which makes it numerically robust. As the nucleation 
curve is smooth there are no convergence issues. Another advantage is that after the stress maximum 
achieved in each element during tearing the nucleation still continues but to a lesser extent. 
To better highlight the role of stress on damage, Figure 16 shows the evolution of the maximum principal 
stress and the total porosity 𝑓𝑡 (composed of the porosities due to growth 𝑓𝑔 and due to nucleation 𝑓𝑛) as a 
function of the plastic strain. The maximum principal stress increases sharply with aging time. It can be 
seen that the nucleation contribution is much smaller than the growth contribution (and that it is even 
reduced to zero after 4 h aging). However, this contribution, although small, has a significant effect on the 
ductile tear resistance. The distribution of these two contributions is consistent with the experimental 
observations. Indeed, on the fractographs, broken Mg2Si are identifiable in the bottom of the dimples; these 
particles have been considered as initial porosity and play a preponderant role in growth. In addition, the 
fact that nucleation on IMs plays a more important role at high aging times (Figure 16 c) is qualitatively in 
agreement with the BSE fractographs showing more iron rich particles for 16 h aged material (Figure 7 d 
and f). Laminography makes it possible to observe this secondary role of IM, which are sites of preferential 
nucleation (Figure 10). 
In the present work the increasing part of the aging-strength curve has been assessed in terms of strength 
toughness relationships. In the literature it has been found that after peak aging, toughness may continue to 
increase above the peak-aged value [1–3,62]. This effect could be captured with the present modelling 
approach, as the flow stress diminishes after peak aging. Often the toughness after peak aging does not 
return to the same level as for the same yield stress level in under-aged condition. If the same damage 
mechanisms are at play for these different conditions (i.e. no additional intergranular failure) this behavior 
could be captured by the present approach. The hardening behavior of the overaged condition thus needs to 
be assessed. This hardening is often seen reduced in the over-aged condition and might also lead to a 
toughness reduction in the simulation as the process zone would decrease. 
As a matter of fact the present study shows that the model by Hahn and Rosenfield [63], in which toughness 
is proportional to the square root of the materials’ yield stress, is not suited to predict the toughness of Al-
alloys as the detrimental effect of stress level leading to increased damage nucleation is not accounted for. 
Experimentally, it would be difficult to quantify or even to observe the evolution of the nucleation kinetics 
as a function of aging time. One possible solution would be to perform ex-situ interrupted tests using 
specimens or configurations with comparable triaxiality. Indeed, in-situ tensile tests (even on notched 
specimen) do not make it possible to reach such a high triaxiality state as in CT samples, and therefore do 
not make it possible to reach maximum principal stress values 𝜎𝐼 which could be large enough to activate 
the nucleation model (𝜎𝐼 > 𝜎𝑆). In addition, nucleation is initiated at very small scales, especially since the 
IMs play a secondary role in relation to the Mg2Si particles. Therefore, extremely fine analyses would be 
required to quantify such slight evolutions as illustrated in Figure 16 c (as mentioned before, even slight 
microstructural evolution can cause macroscopically significant deterioration of toughness). Furthermore 
the material exhibits heterogeneity as the grain size can be in the order of hundreds of micrometers. As a 
result, statistical relevance needs to be considered in further studies. 
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Figure 14 – Experiments (lines with markers) and simulations of toughness tests. All the GTN damage 
parameters are the same, only the Voce elastoplastic law differs between each aging time: dashed lines 
correspond to the simulations using elastoplastic law, dotted lines to the simulations without nucleation, 
points to the simulations using Chu and Needleman nucleation. 
Figure 15 – Experiments and simulations of toughness tests with the stress-strain-based nucleation law. 
All the GTN damage parameters are the same, only the Voce elastoplastic law differs between each aging 
time. 
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Figure 16 – Evolutions of the maximum principal stress and porosity fractions due to nucleation and 
growth during simulations for the four aging times  
5. Conclusions 
Aging causes a decrease in toughness, including of the tearing modulus. This deterioration is accompanied 
by an increase in the tensile properties, and thus also by an increase in the stress levels reached in the 
material. 
Damage nucleation and growth originate from coarse particles, in the form of micrometer sized Mg2Si and 
iron-rich intermetallic particles for all heat treatment conditions. The characteristic fracture mechanisms, 
which are governed by these phenomena, do not evolve with aging time: indeed fractography as well as 
laminography and EBSD investigations of stopped cracks, have shown that the fracture mode is typically 
ductile (even for the lowest tearing resistance) and mainly transgranular. However, it has been identified 
through quantitative fractography of the 4 h aged and 16 h aged CT samples, that the area fraction of iron 
rich intermetallic particles is two to three times higher for the longest aging time. The size of the broken 
clusters for the longest aging time is also bigger and similar to the full particle cluster size measured on cut 
sections. It can be concluded that at the microstructural level, the mechanical evolutions are only 
accompanied by a modification of the nanoprecipitation (which was confirmed by APT analyses), 
responsible for the structural hardening in the Al-matrix. This hardening of the matrix promotes damage 
nucleation on coarse particles as it can be considered to be a cleavage-like process that allows to fracture 
the entire iron rich intermetallic clusters for the longest aging time and highest associated stress levels. 
It is therefore proposed to model this toughness deterioration by modifying only the macroscopic material 
hardening and using a single damage nucleation growth and coalescence law. Nucleation plays a 
predominant role here, and the modeling of the strain-based nucleation is not sufficient to reproduce the 
deterioration of the tearing modulus, hence a criterion using stress- and strain-based nucleation is established 
in accordance with the cleavage like fracture process of the intermetallic particle clusters. Not only high 
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stress triaxiality but also high absolute values of maximum principal stress can be achieved. The decrease 
of the tearing modulus with aging is also captured successfully by the nucleation model. 
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Appendix A. Atom Probe Tomography 
In Figure 17, the long tip (112 million ions, 464 nm long) extracted from the 12 h material demonstrates the 
intense presence of the hardening precipitation Mg-Si. The step in the middle of the tip is due to 
microfracture during run. There was an increase in base voltage after the microfracture, and it is not 
representative of actual shape of sample. 
Figure 17 – APT tip after 12 h aging (112 million ions analyzed). The red isosurfaces represent areas of 
high concentration of Mg (> 3%) in the aluminum matrix represented in blue. 
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Appendix B. Laminography 
The thick specimen is machined in the crack plane of a CT sample after fracture toughness test, which was 
interrupted after the crack. Therefore, the specimen contains the whole width of the original sample, with 
lateral notches and the whole crack (Figure 18). 
Figure 18 - Recomposition of a section through the entire sample width obtained by sticking 23 
laminography scans after 12 h aging.  
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